Abstract: Eight nickel complexes with various imino-backbones and substituents at ortho-and para-positions on the aromatic ring of the salicylaldehyde are prepared and characterized. Activated by MAO, the precursors have been investigated for 1,3-butadiene polymerization. All the complexes display high cis-1,4 selectivity (cis-1,4 contents: 90.4 to 93.4 %), while the catalytic activity strongly depends on the position of bulky group located. Introduction of t-butyl at 3,3′-position on the aromatic ring of the ligands remarkably increases catalytic activity, while that at the 5,5′-position decreases the activity. Relatively, variation of iminobackbone shows little influence on catalytic performance. Effects of [Al]/[Ni] molar ratio and temperature on catalytic activity and stereo-selectivity are also investigated.
Introduction
The design of coordination and/or organometallic precursors for the controlled synthesis of polyolefin has attracted great interest and attention in the past decades. Therefore, many highly active, well-defined and single site non-metallocene transition metal catalysts for polyolefin have been discovered. Especially, Fujita [1] [2] [3] found that the titanium and zirconium complexes bearing phenoxy-imine ligand displayed high activities, comparable to or even higher than that of corresponding metallocene complexes, and the activity highly relied on the substituent of the ortho-positions of the phenoxy ring and on the structure of imine nitrogen. Interestingly, living polymerization of ethylene and propylene at room temperature or above could be achieved when fluorine atoms were introduced to the N-aryl groups. Encouraged by Fujita's creative work, a great deal of transition metal complexes bearing salicylaldiminato ligand were reported subsequently in literatures as precursor for olefin polymerization such as ethylene [4] [5] [6] [7] [8] [9] and norbornene [10] [11] [12] [13] . In comparison, there were limited reports on the polymerization of butadiene by using nonmetallocene transition metal complexes. Kim [14] reported a series of bis(salicylaldiminate)Co(II) complexes activated by ethylaluminum sesquichloride (EAS), and the catalyst system yielded polybutadiene having highly cis-1,4 content ( > 94 %) with moderate molecular weight (MW = 33900 -44500). Endo [15] investigated the effects of an alkyl substituted salen ligand on the cis-1,4 selectivity and molecular weight control in the polymerization of 1,3-butadiene by using (salen)Co(II) complexes. It was found that introduction of t-butyl group at both 3,3′-positions and 5,5′-positions can increase the activity and cis-1,4 selectivity simultaneously, demonstrating that the structure of the ligand plays an essential role in determining both the catalytic activity and the microstructure of the polymer.
To date, Ni-based catalysts for 1,3-butadiene (Bd) polymerization are mainly focused on Ni(OOC 8 H 15 )/BF 3 ·O(C 2 H 5 ) 2 /Al(C 2 H 5 ) 3 [16] , Ni(naph) 2 /Al(C 2 H 5 ) 3 / activator [17] , Ni(acac) 2 /MAO [18, 19] , NiCl 2 /MAO [20] and other nickel complexes [21] [22] [23] [24] [25] [26] , producing high cis-1,4 polybutadiene with various activities depending on the ligand structure and activator used. Though nickel and iron complexes bearing salicylideneiminato ligand have been explored as precursors for Bd polymerization [27] [28] [29] , extensive investigations on the structure of the complexes, such as the effects of substituents on the configuration of the complexes, and on Bd polymerization behavior by using such complexes remains in vain. In this article, a series of nickel complexes bearing salicylideneiminato ligand with substituents at different positions were synthesized and the Bd polymerization behaviour by using such complexes in combination with MAO were examined.
Results and discussions

Synthesis and characterization of nickel complexes
Alkyl substituted diamines are synthesized by the condensation of ethylenediamine and o-phenylenediamine with corresponding alkyl substituted salicylaldehyde [30] . Nickel complexes can be readily prepared by the reaction between diamine ligand with equimolar amounts of Ni(OAc) 2 ·4H 2 O in ethanol solution (Scheme 1; see Experimental Section for details). Compounds 1c, 4c and 5c are known compounds [28, 31] . The obtained nickel complexes are all air and moisture stable. The 1 H NMR and elemental analysis results show all the complexes are in accordance with their formula NiL. The IR spectrum of nickel complexes suggest that the C=N stretching vibrations shift toward lower frequencies with evidently reduced intensity as compared to corresponding ligand at between 1605 and 1625 cm -1 , indicating the coordination interaction between the imino nitrogen atoms and the metal ions. Complex 4c are further confirmed by X-ray diffraction. Scheme 1. Synthesis of (salen)Ni(II) and (salphen)Ni(II) complexes.
Crystal of complex 4c suitable for X-ray structural determination is grown from a dichloromethane/hexane solution containing the corresponding complex. The molecular structure is shown in Fig. 1 . In the solid state, the nickel complex 4c is crystallized as orthorhombic form with two oxygen atoms (O1 and O1A) and two nitrogen atoms (N1 and N1A) forming a distorted square-planar geometry around the nickel center (Fig. 1) . Compared to the corresponding nickel complex 1c without substitution [26] , the dihedral angle between the coordination plane of O1-Ni1-N1 and that of O1A-Ni1-N1A increases from 1. Table 1 . The nickel complex or MAO alone could not initiate the polymerization reaction. Figure 2 is the 1 H NMR spectrum of the polymer yielded using the 1c/MAO catalyst. Complex 1c shows relatively low catalytic activity for the polymerization of butadiene (seen from run 1 in Table 1 ), producing mainly cis-1,4 polybutadiene (cis-1,4 = 92.2%), with molecular weight of 1.4 × 10 4 g/mol and molecular distribution about 2.3. Complex 2c, by introduction of t-butyl group at 3,3′-position in comparison with complex 1c, is more active than complex 1c, with increased yield from 68.5% to 92.7% (run 1 and 2). The phenomenon is more evidently in (salphen)Ni/MAO systems. Introduction of t-butyl group at 3,3′-position leads to remarkably increased polymerization yield from 31.6% to 92.7% (run 5 and 6). The increase of the catalytic activity may be attributed to the introduction of t-butyl group at 3,3′-position.
The different activity between the complex 1c without substituent where the Ni atom lies in a square-planar structure composed of two coordinated N atoms and two coordinated O atoms [32] , and 3,3′-t-butyl group substituted 2c, 4c is assumed to be resulted from the different dihedral angle between the coordination plane of O1-Ni1-N1 and that of O1A-Ni1-N1A (1.90° for complex 1c and 10.86° for complex 4c), which gives rise to the different distortion extent of the square-planar geometry around the metal center. As can be seen from the structure of complex 4c mentioned above, the distorted square-planar structure is greatly twisted after the introduction of bulky t-butyl group at 3,3′-position. As consequence, the twisted structure facilitates the alkylation of nickel complexes by MAO to form Ni-CH 3 bond for initiation of Bd polymerization. Similarly that much higher activity of 6c having t-butyl substituent at 3,3′-position than that of 5c without substituent is explainable.
Complex 3c displays a lower activity with polymerization yield of 57.6% than that of complex 1c (68.5%) (run 1 and 3), implying that the introduction of t-butyl group at 5,5′-position have negative effect on the activity, which is contrary to cobalt analogue as reported by Endo et al [15] . The similar phenomenon is also found in (salphen)Ni/MAO systems (run 5 and 7), where complex 7c having t-butyl group at 5,5′-position shows lower activity than that of 5c without substituent. Differentiating from the t-butyl substituent at 3,3′-position, those at 5,5′-position do not cause distortion of the configuration of the complex, but electron donating nature of t-butyl may increase the electron density of the active site, which is unfavorable for the coordination of electron-rich butadiene monomer, in addition, the bulky t-butyl may also have negative effects on the catalytic activity.
To further elucidate the effects of substituents on polymerization behaviors, t-butyl group is introduced at both 3,3′-and 5,5′-positions for both (salen)Ni/MAO (complex 4c) and (salphen)Ni/MAO (complex 8c) systems. Both complex 4c and 8c show high catalytic activity, similar to those of their corresponding complexes having t-butyl group only at 3,3′-position (complex 2c (run 2 and 4) and 6c (run 6 and 8)), suggesting that the t-butyl group at the 3,3′-position for both the (salen)Ni(II) and (salphen)Ni(II) complex is more effective in promoting catalytic activity than those at 5,5′-position. 
The effects of polymerization temperature
Conclusions
A series of (salen)Ni and (salphen)Ni complexes are synthesized and the effects of substituent at different position of ligands on 1,3-butadiene polymerization behaviors are investigated. The results show that the introduction of t-butyl group at 3,3′-position of the ligand can increase the activity resulted from the significantly distorted square-planar structure around the metal center by the bulky t-butyl substituent, favoring the formation of the active sites by methylation of MAO, while the introduction of t-butyl group at 5,5′-position does not cause any changes of the configuration of the complexes, but decreases the activity probably by steric or electronic factors. The effects of polymerization parameters such as temperature and the [Al]/[Ni] molar ratio on polymerization behaviors are also examined.
Experimental
Materials
Paraformaldehyde, triethylamine, ethylenediamine, 4-t-butylphenol, anhydrous magnesium chloride were purchased from Beijing Chemical Regents Company and used without further purification. Salicylaldehyde, 2-t-butylphenol, 2,4-di-tbutylphenol, o-phenylenediamine and Ni(OAc) 2 ·4H 2 O were purchased from Alfa company and used directly. 1,3-butadiene (Bd), supplied by Jinzhou Petrolchemical Company, was treated with four columns filled with solid KOH and 4 Å molecular sieves and then passed into toluene to form Bd solution. Toluene, was dried over sodium and distilled under nitrogen. MAO in toluene 1.3 mol/L was obtained from Ethyl Corp. Alkyl substituted salicylaldehyde 2a-4a (see scheme 1) were synthesized according to the known literature [30] . Compounds 1b-8b were prepared according to the procedure reported [37] . H NMR spectra as reported in literatures [38, 39] .
Crystals data collections were performed at -88.5 °C on a Bruker SMART APEX diffractometer with a CCD area detector, using graphite monochromated Mo K radiation (λ = 0.71073 Å). The determination of crystal class and unit cell parameters was carried out by the SMART program package. The raw frame data were processed using SAINT and SADABS to yield the reflection data file. The structures were solved by using SHELXTL program. Refinement was performed on F 2 anisotropically for all non-hydrogen atoms by the full-matrix least-squares method. The hydrogen atoms were placed at the calculated positions and were included in the structure calculation without further refinement of the parameters. CCDC-754568 for 4c contains supplementary crystallographic data for this article and can be obtained free of charge from www.ccdc.ac.uk/data-request/cif [or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB21EZ, United Kingdom; fax: (+44) 1223-336-033; e-mail: deposit@ccdc.cam.ac.uk].
Synthesis and characterization of nickel complexes
Alkyl substituted salicylaldehyde were prepared by the formylation of corresponding alkyl substituted phenols according to the reported literature [30] . Diamines were synthesized by the condensation of ethylenediamine and o-phenylenediamine with corresponding substituted salicylaldehyde [37] . The detailed synthetic pathway was shown in Scheme 1. Nickel complexes were prepared as follows:
N,N′-Bis[(salicylidene)methylamino]nickel (1c)
The complex 1c was prepared with equimolar amounts of Ni(OAc) 2 ·4H 2 O and N,N′-bis(salicylidene)ethylenediamine with the following procedures. A solution of Ni(OAc) 2 ·4H 2 O (0.7454 g, 3.0 mmol) in 20 mL of ethanol was added to 20 mL of an ethanolic solution containing 0.003 mol of N,N′-bis(salicylidene)ethylenediamine and the mixture was refluxed for 2 h. After slowly cooling, small brown/reddish crystals were formed. The crystals were filtered, washed with cold ethanol and dried in a vacuum oven. The yield of preparation of the complex was 80 %. 
N,N′-Bis[(3-t-butylsalicylidene)methylamino]nickel (2c)
The complex 2c was prepared with equimolar amounts of N,N′-bis-(3-t-butyl salicylidene)ethylenediamine and Ni(OAc) 2 ·4H 2 O in a manner similar to that for 1c (brown powder, 62.8 %). 
N,N′-Bis[(5-t-butylsalicylidene)methylamino]nickel (3c)
The complex 3c was prepared with equimolar amounts of N,N′-bis(5-t-butyl salicylidene)ethylenediamine and Ni(OAc) 2 
N,N′-Bis[(3,5-di-t-butylsalicylidene)methylamino]nickel (4c)
The complex 4c was prepared with equimolar amounts of N,N′-bis(3,5-di-tbutylsalicylidene)ethylenediamine and Ni(OAc) 2 ·4H 2 O in a manner similar to that for 1c (light-yellow powder, 58.6 %). 
N,N′-Bis[(3-t-butylsalicylidene)-1,2-phenylenediamino]nickel (6c)
The complex 6c was prepared with equimolar amounts of N,N′-bis (3- 
N,N′-Bis[(3,5-di-t-butylsalicylidene)-1,2-phenylenediamino]nickel (8c)
The complex 8c was prepared with equimolar amounts of N,N′-bis(3,5-di-tbutylsalicylidene)-1,2-phenylenediamine and Ni(OAc) 2 ·4H 2 O in a manner similar to that for 1c (red powder, 52.9 %). 
Polymerization procedures
Solution polymerization of Bd was carried out in a glass reactor (20 mL) connected to a rubber plug. Bd solution in toluene was prepared as follows: Bd was dried and purified and condensed into a flask containing toluene, and the concentration of Bd was calculated by weight. Then a certain amount of nickel complex and Bd solution was added into the glass reactor under dried nitrogen atmosphere. The polymerization started by injecting the prescribed mounts of methylaluminumoxane. After polymerization in water bath at given temperature for the given time, the mixture was poured into 100 mL ethanol containing 2,6-di-t-butyl-4-methylphenol (1.0%) to precipitate the polymer formed. The polymer was washed with ethanol repeatedly and dried in vacuum at 40 o C to constant weight. Polymer yield was calculated by gravimetry.
